The noncovalent complex formed by the association of two fragments of chymotrypsin inhibitor-2 is reversibly denatured by pressure in the absence of chemical denaturants. On pressure release, the complex returned to its original conformation through a biphasic reaction, with firstorder rate constants of 0.012 and 0.002 s ؊1 , respectively. The slowest phase arises from an interconversion of the pressuredenatured state, as revealed by double pressure-jump experiments. Below 5 M, the process was concentration dependent with a second-order rate constant of 1,700 s ؊1 M ؊1 . Fragment association at atmospheric pressure showed a similar break in the order of the reaction above 5 M, but both first-and second-order folding͞association rates are 2.5 times faster than those for the refolding of the pressure-denatured state. Although the folding rates of the intact protein and the association of the fragments displayed nonlinear Eyring behavior for the temperature dependence, refolding of the pressure-denatured complex showed a linear response. The negligible heat capacity of activation ref lects a balance of minimal change in the burial of residues from the pressure-denatured state to the transition state. If we add the higher energy barrier in the refolding of the pressure-denatured state, the rate differences must lie in the structure of this state, which has to undergo a structural rearrangement. This clearly differs from the conformational f lexibility of the isolated fragments or the largely unfolded denatured state of the intact protein in acid and provides insight into denatured states of proteins under folding conditions. Kinetic studies aiming at the elucidation of protein-folding mechanisms are most frequently based on the reaction that takes place on the transfer of an unfolded polypeptide from strong denaturing conditions to those that favor a folded conformation. Pressure is an ideal perturbant for folding equilibria in that it gives valuable thermodynamic information without the need of altering the chemical composition of the solution. High-pressure techniques were applied in folding studies at the equilibrium (1-3) and more recently in the study of the transition state for protein folding (4). The possibility of monitoring folding kinetics by simply releasing the pressure is very attractive, and the method is particularly suitable for slow reactions. Pressure-jump relaxation kinetics was used to investigate the folding mechanism of pressure-denatured staphylococcal nuclease (5, 6). The effect of pressure on the rate of a reaction is described by (7) k p ϭ k 0 ⅐e
Kinetic studies aiming at the elucidation of protein-folding mechanisms are most frequently based on the reaction that takes place on the transfer of an unfolded polypeptide from strong denaturing conditions to those that favor a folded conformation. Pressure is an ideal perturbant for folding equilibria in that it gives valuable thermodynamic information without the need of altering the chemical composition of the solution. High-pressure techniques were applied in folding studies at the equilibrium (1-3) and more recently in the study of the transition state for protein folding (4) . The possibility of monitoring folding kinetics by simply releasing the pressure is very attractive, and the method is particularly suitable for slow reactions. Pressure-jump relaxation kinetics was used to investigate the folding mechanism of pressure-denatured staphylococcal nuclease (5, 6) . The effect of pressure on the rate of a reaction is described by (7) k p ϭ k 0 ⅐e
where k p corresponds to the rate of the reaction at pressure p, k 0 , the rate at atmospheric pressure, and ⌬V ‡ , the activation molar volume for the transition state. According to Le Chatelier's principle, the increase of pressure in a system will favor the state with the smaller volume. Depending on the nature of the transition state involved (positive or negative ⌬V ‡ ), pressure may accelerate or decrease the rate of the reaction.
CI-2 is a member of a class of small fast-folding proteins that follow a simple two-state model for folding, which constitutes a paradigm for the study of experimental and theoretical aspects of protein folding (8) (9) (10) (11) (12) (13) . CI-2 can be cleaved into two fragments by cyanogen bromide, and these reassociate͞refold to give a native-like structure (14, 15) . The noncovalent complex [CI-2(1-40)⅐(41-64)] forms readily through a folding pathway that is equivalent to that of the uncleaved inhibitor, except that it is a second-order process (16) (17) (18) (19) . We took advantage of the lower stability of the complex compared with uncleaved CI-2 and described the reversible pressure denaturation of [CI-2(1-40)⅐(41-64)] to an undissociated denatured state with residual structure (20) .
In the present work, we describe the kinetic folding mechanism of the pressure-denatured noncovalent complex [CI-2(1-40)⅐(41-64)]. We propose a model that accounts for the overall equilibrium and kinetic mechanism and discuss its implications for protein folding in the absence of denaturants.
MATERIALS AND METHODS
All materials, including chemicals, protein, and fragment purification, were described (20) .
Pressure Denaturation-Renaturation Experiments. Pressure experiments were carried out in a high-pressure cell (21) fitted with sapphire windows and adapted to an ISS K2 fluorimeter (Champaign, IL). The [CI-2(1-40)⅐(41-64)] complex was produced by mixing equimolar concentrations of the fragments and incubated for 14 hr at 25°C in 50 mM [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (Bistris) HCl buffer, pH 6.0, before use, as described previously (20) . Kinetic experiments of fragment association at atmospheric pressure were carried out with a Hitachi F-4500 fluorimeter (Tokyo). The fluorescence intensity at 356 nm was monitored, with excitation fixed at 280 nm.
For the renaturation, pressure was applied to the sample until the center of mass stabilized to values corresponding to a solvent accessible tryptophan. The pressure was released (taking 60-90 s) and the data within the dead time were collected but not considered for the analysis. In the pressuredependence experiments, pressure was brought to indicated values and fluorescence was monitored. The same considerations apply to the kinetic pressure denaturation experiments in terms of experimental dead time. For ''double-jump'' experiments, the sample was pressurized and, after the indicated times, the pressure was returned to atmospheric values. Unless stated, the temperature was kept at 25 Ϯ 0.2°C.
Analysis of the Data. The activation volume for the transition state of refolding of the pressure-denatured complex (⌬V ‡ ) is calculated from the logarithmic form of Eq. 2:
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Temperature dependence of CI-2 refolding, fragment association, and renaturation of pressure-denatured complex was studied over the range 10-35°C. When the Eyring plots (ln k͞T vs. 1͞T) were linear, we used the following equation, derived from the transition-state theory (22) :
where k is the measured rate of the reaction, ⌬S ‡ , the activation entropy, ⌬H ‡ , the activation enthalpy, h is the Planck's constant, k B is the Boltzmann's constant, R, the gas constant, and T, the absolute temperature. When nonlinear Eyring plots were observed, we used the modified equation derived by Chen et al. (23) . The data were fitted by using KALEIDAGRAPH (Abelbeck Software) to calculate the activation parameters. (20) . We applied the maximal pressure attainable in our equipment [3.5 kbar (1 bar ϭ 100 kPa)], and we took fluorescence spectra at different time intervals, monitoring the change in the center of spectral mass (CM). After 20 min of application of pressure, the CM changed over 95% to values compatible with complete solvent accessibility of the tryptophan (Fig. 1a Inset) . When the change in fluorescence intensity was monitored, unfolding was best described by a single exponential trace with an approximately 2-fold change (Fig. 1a) . The unfolding rate at the highest pressure was measured at different protein concentrations, and the rate remained invariant, with a first-order rate of 0.009 s
RESULTS

Kinetics of Pressure
Ϫ1
. After pressure release, the fluorescence slowly decreases to a basal value, consistent with the large quenching observed in the folded conformation (14) (Fig. 1b) . The total change observed is a 2.3-fold decrease, in excellent agreement with the change observed at equilibrium (20) . The data adjusts only to two exponential decays, corresponding to two phases with observed rates of 0.01 and 0.002 s
, respectively, at 10 M concentration of the complex (Fig. 1b Inset) .
The effect of pressure on refolding rates was tested by releasing the pressure to fixed low pressures, i.e., at the beginning of the unfolding transition, where the contribution of unfolding is minimal. Data were fitted to double exponentials and the observed rates plotted against final pressure (Fig.  2a) . The major phase is not significantly affected by pressure, in the range and conditions of the experiment. Small positive or negative changes ⌬V ‡ for folding cannot be measured accurately because of the limitations of our equipment and the inherent error in measuring such a small change (Fig. 2a) . The first-order rate of the minor phase, accounting for 15% of the amplitude at atmospheric pressure, is decreased as the final pressure increases (Fig. 2b) , indicating that the molar volume of the transition state for this reaction is small but positive. From the logarithmic form of the equation for the analysis of the effect of pressure on reaction rates (Eq. 2), we calculate a ⌬V ‡ of 22 Ϯ 4 ml mol Ϫ1 (Fig. 2b Inset) . The amplitudes for the two phases were analyzed on a percent basis at the different final pressures used and are shown in Fig. 2c . Pressure exerts a significant effect on the amplitudes; above 400 bar, the contribution of each phase goes from 85:15% fast:slow phase ratio to a 50:50% ratio.
Parallel Break in the Reaction Molecularity of Fragment Association͞Folding and Renaturation of the High-Pressure State. Association of the fragments in equimolar concentrations at atmospheric pressure is accompanied by a 6-fold decrease in fluorescence intensity (14) , and the time course change can be approached by two exponential decays, as a simplification to the underlying second-order process. This procedure was repeated at different concentrations of the fragments, and the observed rates of the major phase were represented in Fig. 3 , showing a concentration dependence that deviates from linearity above 5 M. From the slope of the plot, we estimated the second-order rate constant to be 4,400
, in excellent agreement with previous values from pseudo-first-order experiments (16) . The distribution of the amplitudes of both phases indicates that at high concentrations, the amplitudes stabilize at approximately 80:20% fast:slow phase ratio (not shown), corresponding to the folding or first-order-driven reaction as opposed to association or second-order-driven reaction. This ratio is similar to that observed in pseudo-first-order conditions (16) . The rate of the major folding͞association phase product of mixing both fragments in equimolar concentrations at atmospheric pressure stabilizes with a first-order rate of 0.039 s Ϫ1 .
On the other hand, after pressure release, the rate of the slowest of the two observable phases is independent of the protein concentration along the range tested with a resulting first-order rate constant of 0.002 s
, corresponding to 15% of the amplitude, while the major phase accounts for 85% of the amplitude (not shown). Both distribution of amplitudes as well as the concentration dependence are similar to what was observed in the association͞folding of the [CI-2(1-40)⅐(41-64)] complex (16) . The observed rate of the major phase shows concentration dependence below 5 M, reaching a constant value at 0.011 s Ϫ1 (Fig. 3, open circles) . From the initial slope of the concentration dependence of pressure refolding, we can estimate a second-order rate constant of 1,700 s
, 2.5-fold slower than the association and folding of the fragments at atmospheric pressure. The first-order value reached at high protein concentration in the pressure release experiment is also slower than that reached in the fragment association͞folding experiment (0.012 against 0.039 s
). These results are in excellent agreement with equilibrium denaturation experiments, which showed that the fragments remained associated at the highest pressures, above 5 M concentration (20) . The amplitudes stabilized at 5 M, coincident with the break in the concentration dependence (not shown).
Double Pressure-Jump Kinetics: Nature of the Two Phases. Defining a folding mechanism involves the understanding of the nature of the phases and the sequence of the events and species involved. We wanted to investigate whether the two phases are present at short times after attaining the maximum pressure, and we approached the problem by using a doublejump pressure experiment. When the complex was pressurized for 30 min, the refolding process that followed the release of the pressure followed a biphasic behavior, in a similar manner to our standard kinetic experiments after pressure release (cf. Fig. 1b, Fig. 4a ). After only 5 min of pressurization, the reaction proceeded to 80% (Fig. 1a) , the pressure was released, and the fluorescence change monitored (not shown). In this case, the renaturation process takes place through a single phase with the expected rate for the major phase (Fig. 4b) .
Effect of Temperature on Folding Kinetics of Intact CI-2, Fragment Association, and the Pressure-Denatured State. The transition state for the folding pathway of intact CI-2 and that for the fragment association were characterized by protein engineering methods (24, 17) . Transition states for proteinfolding reactions can also be analyzed from temperature dependence of the reaction rates, where thermodynamic activation parameters can be obtained from Eyring plots (23) .
We set out to analyze comparatively the effect of temperature on: (i) folding rates of intact CI-2, (ii) folding͞association of fragments, and (iii) renaturation of the pressure-denatured [CI-2(1-40)⅐(41-64)] complex. In the case of intact CI-2, we started from acid-denatured protein and mixed it with a buffer at neutral pH (8) , monitoring the corresponding fluorescence decrease at different temperatures. As described previously, the process is characterized by a major phase that shows a rate increase with temperature. The data are represented as ln k͞T vs. 1͞T in Fig. 5a and are clearly nonlinear (Fig. 5a Inset), indicative of a significant ⌬C p ‡ . The activation parameters obtained are shown in Table 1 . The prefactor in the Eyring equations used for the analysis of these reactions, although unknown, was assumed to be k B T͞h (23). If we assume that the prefactor, although unknown, is similar in the three cases we discuss here, the parameters obtained can be used in a comparative manner. Therefore, the activation parameters in Table 1 are not correct in absolute terms.
A similar approach was undertaken for the temperature dependence of fragment association, except that this reaction consists of mixing fragment CI-2(1-40) with a 10-fold excess of CI-2(41-64), in pseudo-first-order conditions (16) . The rate of the major phase was plotted at the different temperatures (Fig. 5b) and the corresponding thermodynamic parameters obtained ( Table 1 ). The Eyring plot for fragment association is also nonlinear (Fig. 5b Inset) . . For the concentration dependence of the association rates of the free fragments in equimolar concentrations at atmospheric pressure, the fragments were mixed at the concentrations indicated in 50 mM [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (Bistris) buffer, pH 6.0. The fluorescence intensity of the tryptophan probe was monitored, the data fitted by using a double-exponential equation, and the observed rates plotted (closed circles). The second-order rate constants were estimated from the initial slopes. Fig. 1a . The rate constants are similar to those obtained in Fig. 1a , but a fits well only to two exponentials, while b fits well to a single exponential decay. The [CI-2(1-40)⅐(41-64)] complex was pressurized as described in previous sections and equilibrated at the indicated temperatures before release of the pressure and monitoring of the accompanying fluorescence decrease. The rates of the major phase thus obtained were plotted as ln k͞T vs. 1͞T (Fig.  5c ). In this case, the data fit to the linear form of the Eyring equation, without the ⌬C p ‡ component (Fig. 5c Inset).
DISCUSSION
Equilibrium pressure denaturation experiments showed a lack of protein concentration dependence in the 5 to 100 M range, indicating that the high-pressure state of the complex was denatured but remained associated (20) . However, the nature of the interactions that hold together this ''artificial dimer'' is different from that of nature-designed dimers (3). The biological function of CI-2 as a proteinase slow-release inhibitor requires that the fragments remain bound after cleavage by the enzyme. We have previously discussed our system in comparison with other known natural dimers (20) . Folding kinetics after pressure release was biphasic, coincident with the behavior of the intact protein and the association of the fragments (8, 17) . We were able to follow the folding rates below the minimal concentration that the sensitivity of the system allowed us in previous equilibrium experiments and found concentration dependence below 5 M. The presence of a unimolecular process above 5 M with a rate constant of 0.012 s
Ϫ1
further supports an undissociated pressure-denatured state. How can the fragments remain associated if the complex is largely unfolded? The key argument is that full solvent accessibility to the unique tryptophan residue may not necessarily mean extensive unfolding; it may instead indicate a fluctuating molten globule-type structure (25, 26) . CI-2 fragments containing 94% of the amino acid sequence showed full solvent accessibility to the tryptophan, binding of 1-anilino-8-naphtalene sulfonate, and lack of cooperativity, but unequivocal native-like folded chemical shift of the residue by NMR (27) . Further evidence comes from the dissociation at low, but not at high, concentrations: if the pressuredenatured state was indeed dissociated, there could be no possibility of tertiary long-range interactions, with the consequence that the quenching would be completely suppressed in the free CI-2(1-40) fragment (14) .
Kinetic-pressure unfolding is monophasic in the time frame of our experiments, but we cannot rule out the possibility of a much slower reaction involving dissociation with a consequent release of the tryptophan quenching. The unfolding rate is 20-fold faster than the unfolding of the complex (16), but clearly the final state is not the same. The chemical denaturant causes dissociation that can be attained only by complete unfolding (20) .
A double pressure-jump experiment indicated that the second phase appears only after longer times under high pressure, strongly suggesting the presence of a slow interconversion of the pressure-denatured state, presumably an isomerization around a peptide bond. Nevertheless, above 10 M at atmospheric pressure, 85% of the amplitude corresponds to the fastest phase. In these conditions, the association appears to be fast, and a first-order folding step becomes rate limiting. As the pressure increases, the phases are no longer ''major'' or ''minor,'' but approach similar percent amplitudes values. Assuming that changes in the center of mass and spectral area Table 1 . Activation parameters for folding of CI-2, fragment association at atmospheric pressure, and pressure-denatured [C12(1-40)⅐(41-64)]
Thermodynamic parameters at 25°C. are separable, it means that the quenching of the tryptophan and its exposure to the solvent do not necessarily take place in parallel. Furthermore, there may not be a linear relationship between the fluorescence intensity change and the contribution of that species to the total amplitude. Percent amplitudes taken directly from fluorescence intensities must, therefore, be interpreted with caution.
Fragment association in equimolar concentrations at atmospheric pressure displays concentration dependence in the same range as pressure renaturation of the complex and a deviation from linearity above that range. However, both the second-order rate at low concentration and the first-order folding rate at high concentration are approximately 3-fold faster in the absence of high pressure. A higher energy barrier in the refolding after pressure release may come from a stable structure in the pressure-denatured state that needs to undergo rearrangements. This structured state would differ from the flexibility of the two peptide fragments that encounter one another in solution to yield a folding reaction when no pressure was applied. The striking similarity in the switch of the reaction order indicates that this phenomenon is inherent to the system and independent of the perturbation applied to it (Scheme I).
Curvature in Eyring plots can be observed when there is a significant change in heat capacity between the ground and the transition states (23) . This is the case of transition states for folding of intact CI-2 and the association͞folding of the fragments. Of these two, the fragment association͞folding reaction has a larger overall activation energy, influenced by a larger ⌬H ‡ because the activation entropies (⌬S ‡ ) are of similar magnitude. This activation enthalpy difference could be caused by interactions broken in the isolated fragments in solution. Alternatively, the fragments should be able to associate rapidly to form an unfolded complex product of the initial collision that could be the starting point of the reaction, and this has to undergo rearrangements different from the intact protein, which causes the extra difference in ⌬H ‡ . Similarly, we interpret the smaller change in ⌬C p ‡ of the fragment association as a residual structure in the free fragments (15, 17) or associated denatured complex that has to undergo rearrangements to reach the transition state (20) .
The folding kinetics from the pressure-denatured state takes place at atmospheric pressure, after the pressure is released. Thus, conditions of pressure, temperature, and solvent are essentially similar to those for the time-dependent fragment folding͞association (16) , suggesting energetically and structurally related ensembles of transition states. Therefore, differences observed in the activation parameters may not lie in the structure of the transition states, but rather in the denatured states. The Arrhenius behavior for the pressure-jump refolding experiment is linear, which indicates a very small change in heat capacity and, therefore, in solvent-accessible surface area (⌬ASA) (28, 29) . The intact CI-2 buries most of its ASA in the transition state (8) ; however, we show here that the transition state for the fragment association buries less ASA and has to overcome a higher energy barrier. Because mutagenesis suggests similar transition states (17, 18) , and they have an identical number of residues, the difference must lie either in the initial, i.e., denatured state and free fragments or final, i.e., intact folded CI-2 and folded noncovalent complex. In the intact CI-2, we start from the acid-denatured protein and in the fragments, we simply mix the two peptides in aqueous buffer at neutral pH.
In the case of the transition state after pressure release, the key difference is the smaller activation entropy compared with the fragment association and the folding of intact CI-2, which we interpret as a small overall change in the conformational freedom on going from denatured to transition states, because of a more ordered or structured denatured state at high pressure. The highest overall free energy barrier in the transition state for refolding after pressure release (slower reaction) adds to the body of evidence concerning the type of structure present in the pressure-denatured state. Whereas heat or chemical denaturation corresponds to the transfer of nonpolar groups into solution, pressure denaturation is the result of incorporation of water molecules into the interior of the protein (30) . Pressure-denatured states of proteins retain considerably more structure than any other means of denaturation (31) .
From the energy landscape perspective (32, 33) , pressuredenatured states are located closer to the bottom of the funnel, i.e., after the collapse of the polypeptide chain, but retain solvent in the interior of the protein as the result of the effect of pressure. The conformational freedom is narrowed to a limited number of ensembles, much lower than the chemically denatured polypeptides, or, in the present case, the conformational freedom of the free fragments. A slower refolding rate of the pressure-denatured state compared with the reaction at atmospheric pressure supports the idea of a rough landscape near the energy minima of the native state (4, 30) . Theoretical studies pointed at pressure as an ideal tool to explore this region of the folding funnel (34) .
We can summarize the equilibrium and kinetic evidence for a compact and undissociated molten globule-like pressuredenatured state from: (i) the undissociated nature of the high-pressure state that calls for some type of structure holding the fragments together but not extensive unfolding, (ii) the persistent quenching in the fluorescence of the unique tryptophan residue, (iii) the solvent accessibility of the hydrophobic core in the pressure-denatured state as probed by its structure nucleating tryptophan residue, (iv) small ⌬V and ⌬V ‡ , (v) previous evidence that described large molten globule-like CI-2 fragments with a fully solvent accessible tryptophan residue but folded-like chemical shifts of the tryptophan and other key residues, (vi) a clear-cut switch in the order of the reaction from bi-to unimolecular, and (vii) activation parameters that evidence a higher energy barrier, very small amount of solvent accessible area buried, and a smaller activation entropy.
